The Nile tilapia (Oreochromis niloticus) is economically one of the most important freshwater fish and is an excellent model for studies under laboratory conditions. Temperature is considered a very important modulator of reproductive activity in fish, although few studies have specifically addressed the effects of this key factor on morphological and functional aspects of teleost testes. Therefore, our main objectives in the present study were to analyze the effects of different temperatures (20, 25, 30 , and 358C) on testicular somatic and germ cells in sexually mature Nile tilapias. Compared with fish kept at other temperatures, tilapias maintained at 208C demonstrated increased (P , 0.05) Sertoli cell and Leydig cell proliferation, volume density and frequency of most type B spermatogonia, and germ cell apoptosis. Conversely, tubular fluid secretion was decreased (P , 0.05) in the same animals. Although not significant, type A spermatogonia proliferation followed the pattern established for Sertoli cell and Leydig cell mitotic activity, suggesting that they preferentially would proliferate at lower temperatures. Based on most results found in our study and considering that tilapias are nonseasonal breeders, we suggest a model for temperature action on tilapia testes in which lower temperature (208C) would favor type A spermatogonial renewal, Sertoli cell and Leydig cell proliferation, and germ cell apoptosis, whereas higher temperatures (30-358C) would trigger rapid germ cell differentiation. Thus, tilapias could potentially be utilized in studies involving hormones and factors related to Sertoli cell and Leydig cell proliferation and spermatogonial self-renewal or differentiation.
INTRODUCTION
In teleosts, spermatogenesis develops in cysts located within seminiferous tubules. These cysts are formed when Sertoli cells become associated with primary or type A spermatogonia [1] . Apart from this cystic arrangement, the spermatogenic process in teleosts is very similar to that of mammals, and the development and function of seminiferous epithelium are critically dependent on the presence of testicular somatic cells such as Sertoli cells, Leydig cells, and peritubular myoid cells [2] [3] [4] [5] .
The literature on the annual reproductive cycle in fish has demonstrated variations in germ cell and testicular somatic cell proliferation during the year [6, 7] , suggesting that environmental factors may be responsible for these changes to a large extent. Among environmental factors, temperature is considered an important modulator of fish reproduction, including those aspects related to testicular function and spermatogenesis [8] [9] [10] [11] [12] . For instance, goldfish kept at low temperature showed reduced gonadotropin synthesis and release, which affected the normal progression of spermatogenesis [13, 14] . Moreover, temperature seems to affect melatonin production, which transduces seasonal information and controls annual reproductive cycles [15, 16] . Temperature also alters the duration of spermatogenesis in teleosts [17] [18] [19] . For instance, the spermatogenic process is faster in Nile tilapias kept at higher temperatures (30-358C) compared with tilapias kept at 258C, which is considered the physiological temperature for reproduction in this species [19, 20] .
Because of several positive attributes, the Nile tilapia (Oreochromis niloticus) is economically one of the most important freshwater fish [21] . This species also constitutes an excellent model for studies under laboratory conditions, including those related to reproductive biology [3, 19, 22] . Particularly, ongoing investigations in our laboratory demonstrate that the Nile tilapia might represent a very promising model for germ cell transplantation in vertebrates [20, 23] . Tilapias are able to reproduce all year long if the water temperature is about 258C or higher. Although this fish species is considered a nonseasonal breeder, recent experiments in our laboratory have shown that temperature has a remarkable effect on the speed of spermatogenesis in tilapias [19, 20] . Therefore, to better understand the effects of temperature on testis structure and function, the objectives of the present study were to investigate the effect of temperature on somatic cell and spermatogonial proliferation and germ cell apoptosis in sexually mature Nile tilapias.
MATERIALS AND METHODS

Experimental Animals and Sampling
Twenty-eight sexually mature Nile tilapias were obtained from a commercial fishery station and were maintained at approximately 258C. Subsequently, the animals were exposed to a photoperiod of 12L:12D and were distributed in four experimental groups and kept at 20, 25, 30, and 358C during 1 wk. Fish were fed ad libitum with commercial pellets every day, and the aquarium water was circulated through a filter. The experiments were conducted according to the institutional animal care protocols at the Federal University of Minas Gerais, Brazil, and followed approved guidelines for the ethical treatment of animals. 100), and cut (2-3 mm in thickness). These fragments were fixed by immersion in 5% glutaraldehyde and 0.05 M phosphate buffer (pH 7.3) and were embedded in glycol methacrylate. To obtain longitudinal sections of seminiferous tubules, transversal testis sections were obtained in a ReichertJung (NuBlock, Germany) automatic microtome.
To perform autoradiographic analysis, unstained testis sections (4 lm in thickness) were dipped into autoradiography emulsion (Kodak NTB-2; Eastman Kodak Company, Rochester, NY) at 458C [24] . After drying for approximately 1 h at 258C, sections were placed in sealed black boxes and stored in a refrigerator at 48C for 3-4 wk. Subsequently, testis sections were developed in Kodak D-19 solution at 158C and stained with 1% toluidine blue. Analyses of these sections were performed in an Olympus (Tokyo, Japan) BX41 light microscope to detect labeled cells. Cells were considered labeled when at least 4-5 grains were present over the nucleus in the presence of low to moderate background (i.e., very few grains per histological field observed under oil immersion).
Testis Morphometry
The morphometry in the present study was performed in testis sections that showed seminiferous tubules with cysts containing germ cells at various stages of development (type A spermatogonia to spermatids) (i.e., this analysis excluded the distal blind ends of seminiferous tubules [close to the tunica albuginea], where mainly undifferentiated type A spermatogonia and immature Sertoli cells were present [22] ). The proliferation index of undifferentiated spermatogonia was also analyzed in the blind ends of seminiferous tubules. Various spermatogenic cysts were identified using the nuclear diameter and morphological characteristics as described by Schulz and collaborators [22] . The following parameters were analyzed.
Volume density. Volume density was determined by light microscopy using a 441-intersection grid placed in the ocular of the light microscope. Twenty-five fields chosen randomly (11 025 points) were scored for each animal at 10003 magnification. Artifacts were rarely seen and were not considered in the total number of points used to obtain the percentages. Germ cell apoptosis. Apoptotic cells were morphologically characterized as darker-staining cells, as is typical in this condition for cells embedded in plastic and stained with toluidine blue [25] . Germ cell loss (apoptosis) was quantitatively evaluated and was expressed as a percentage of apoptotic cells per 100 type A spermatogonia and 1000 type B spermatogonia, spermatocytes, and spermatids. The values obtained for each animal were used to calculate the average of the apoptotic indexes at different temperatures.
Proliferation index of different spermatogonial cysts. The proliferation index was determined for type A spermatogonia (undifferentiated) located at the ends of seminiferous tubules (close to the tunica albuginea); type A spermatogonia located along seminiferous tubules (differentiated); and initial, intermediate, and final type B spermatogonia. For each spermatogonial type, the proliferation index was determined as the number of labeled cysts in 100 cysts analyzed. The spermatogonia proliferation index obtained for each animal was used to calculate the proliferation average of these germ cells at the different temperatures investigated.
Proliferation index of testicular somatic cells. The proliferation index of Sertoli cells, Leydig cells, and peritubular myoid cells was determined as the number of labeled cells per 1000 cells analyzed for each somatic cell type considered. In another evaluation to determine the spermatogenic cyst type associated with or close to dividing somatic cells, approximately 600 labeled Sertoli cells and peritubular myoid cells and about 1700 labeled Leydig cells were analyzed in total. In this investigation, the spermatogenic cysts considered were type A spermatogonia, type B spermatogonia, spermatocytes, and spermatids. Some proliferative somatic cells apparently were unassociated with spermatogenic cysts and were considered isolated cells.
Coordination between the proliferation of Sertoli cells and spermatogonia. The coordination between Sertoli cells and spermatogonia proliferation was obtained by counting the percentage of labeled Sertoli cells associated with dividing type A (approximately 150 cysts were analyzed) and type B (approximately 240 cysts were analyzed) spermatogonia.
Statistical Analysis
After performing the Kolmogorov-Smirnoff normality test, the data were processed by ANOVA (Newman-Keuls test) using Statistica 3.11 for Windows software (StatSoft, Inc., Tulsa, OK). Pearson correlation was performed on the proliferation of Sertoli cells, Leydig cells, and peritubular myoid cells. The percentage of labeled Sertoli cells associated with dividing spermatogonia was submitted to Chi-square test. The data in the figures and tables are presented as mean 6 SEM, and the significance level was set at P , 0.05. 
RESULTS
Biometric Data
A trend toward augmentation was observed from lower to higher temperatures. However, no statistical differences were observed for body and testis weights or for the gonadosomatic index of tilapias euthanized 1 wk after the beginning of exposure to the different temperatures evaluated (data not shown).
Volume Density
The percentages of testicular components in adult Nile tilapia kept at 20, 25, 30, and 358C are given in Table 1 . This analysis showed that the percentage of tubular compartment did not change significantly by temperature, occupying approximately 83%-84% of the testis. Among germ cells, temperature affected the percentages of intermediate and final type B spermatogonia and preleptotene spermatocytes, which demonstrated greater proportions (P , 0.05) in tilapia maintained at 208C compared with fish kept at 25, 30, and 358C.
The percentage of lumen was also altered by temperature, being lower at 20 and 258C compared with 358C. Decreased percentages of tunica propria were found in fish maintained at 358C compared with fish kept at 258C. The percentage occupied by Sertoli cells was very similar (P . 0.05) at the different temperatures investigated. In the present study, both single-cell death and a group of apoptotic cells were observed in the spermatogenic cyst. The percentage of germ cell apoptosis was higher in tilapias kept at 208C compared with tilapias kept at other temperatures investigated. The germ cell apoptosis index was also evaluated and is discussed under a separate subheading.
Connective tissue occupied approximately 55% of the intertubular compartment in animals kept at the different temperatures investigated, while Leydig cells were the predominant cell type in this compartment, occupying 33.4% 6 4.2% at 208C, 36.7% 6 8.1% at 258C, 41.6% 6 6.6% at 308C, and 36.8% 6 8.3% at 358C. The connective tissue and Leydig cells percentages were very similar (P . 0.05) at the different temperatures evaluated.
Immune cells, particularly macrophages and mast cells, were found in the intertubular compartment in tilapia kept at all temperatures investigated. However, there was a trend (P ¼ 0.079) toward increased cells in testis of fish kept at 208C. In some animals maintained at 208C, macrophages were observed not only in the intertubular compartment but also in the tubular compartment (lumen and seminiferous epithelium).
Frequency of Spermatogenic Cysts
The frequency of intermediate type B spermatogonia cysts was higher (P , 0.05) in tilapia maintained at 208C than in tilapia maintained at 25, 30, and 358C (Table 2 ). In contrast, the frequency of diplotene/secondary spermatocytes was lower (P , 0.05) in fish kept at 208C compared with fish kept at 358C.
Germ Cell Apoptosis Index
Temperature affected the apoptotic index of spermatocytes (Fig. 1) , and the values observed for this index were higher in fish kept at 208C compared with fish kept at the other temperatures studied. The same trend was observed for apoptosis of spermatids; however, no significant difference was found, probably because of high individual variation.
Spermatogonial Cyst Proliferation
Labeled spermatogonia are shown in Figure 2 . In general, the proliferation index of spermatogonial cysts was not altered (P . 0.05) among animals kept at the different temperatures investigated (Table 3) . However, there were trends toward declining type A spermatogonia proliferation with increasing temperature and declining type B spermatogonia proliferation at 208C compared with the animals kept at the other temperatures investigated. For intermediate type B spermatogonia only, a significant reduction (P , 0.05) in the labeled cyst percentage was observed in fish at 208C compared with fish at 308C. Regardless of the temperature, the proliferation of type B spermatogonia was greater than the proliferation of type A spermatogonia. The proliferation index of undifferentiated type A spermatogonia, located at the ends of seminiferous tubules (close to the tunica albuginea), was lower (P , 0.05) than the proliferation index of differentiated type A spermatogonia (located along the seminiferous tubules).
Proliferation of Testicular Somatic Cells
The labeled testicular somatic cells and their proliferation indexes are shown in Figure 3 and Figure 4 , respectively. Nile tilapias kept at higher temperatures (30 and 358C) demonstrated lower Sertoli cell proliferation indexes (P , 0.05) than fish kept at 20 and 258C. A similar pattern was observed for Leydig (Fig. 5) . However, temperature affected (P , 0.05) the type of spermatogenic cysts associated with Leydig cells and peritubular myoid cells.
Coordination Between the Proliferation of Sertoli Cells and Spermatogonia
Temperature did not significantly alter (P . 0.05) the frequency of simultaneous proliferation between Sertoli cells and spermatogonia in the same cyst (Fig. 6 ). In only approximately 3.5% of the spermatogenic cysts that demonstrated labeled Sertoli cells, simultaneous proliferation of type A spermatogonia was observed, indicating that the mitotic activity of these two cell types was preferentially asynchronous. On the other hand, simultaneous proliferation of Sertoli cells and type B spermatogonia in the same cyst was often found. For type B spermatogonia cysts associated with labeled Sertoli cells, approximately 38% of them also demonstrated labeled spermatogonia. 
TEMPERATURE AND GONAD FUNCTION IN MALE TILAPIAS
DISCUSSION
To our knowledge, this is the first study to investigate morphometrically the effects of temperature on testis structure and function in tilapias. Although male tilapias were exposed to the various temperatures only for a short time, the results overall showed that the periods were sufficient to provoke noticeable effects on most parameters evaluated, particularly those related to key testicular somatic elements such as Sertoli cells and Leydig cells. Therefore, our data indicated that, although Nile tilapias are considered nonseasonal breeders in their natural habitat, this fish species seems to have the ability to respond to changes in temperature.
Probably because of the short periods of temperature exposure, and similar to other findings in our laboratory (unpublished data), no significant differences were observed for the biometric data of young sexually mature tilapias kept at the various temperatures investigated. However, the Sertoli cell proliferation index was higher in Niles tilapias kept at 208C compared with those kept at the other temperatures investigated. Mitotic activity of Sertoli cells also varies during the annual reproductive cycle in other fish species such as Sparus aurata and Pimelodus maculatus; in these species, greater proliferation of Sertoli cells occurs in specific gonadal stages that coincide with high proportions of spermatogonia in the testis [6, 26] . Similarly, in our study, Sertoli cells predominantly proliferated in association with spermatogonia. Moreover, the frequency of type B spermatogonia cysts was higher in fish kept at 208C. Therefore, the data herein indicate that temperature modulates Sertoli cell proliferation in Nile tilapias, as occurs in seasonal fish. Because each Sertoli cell is able to support a fixed number of germ cells and because the number of Sertoli cells per testis ultimately dictates the magnitude of testis size and sperm production [3, [27] [28] [29] , Nile tilapias kept at 208C during a short period should demonstrate improved sperm production in the next reproductive cycle. However, further studies are necessary to verify if this assumption is correct.
Similar to Sertoli cells, the Leydig cell proliferation index was also significantly higher in tilapias kept at 208C compared with those kept at higher temperatures (30 and 358C). The scant literature on fish indicates that proliferation of Leydig cells during the annual reproductive cycle is found at specific phases such as testicular maturation (S. aurata [6] ) and regression (P. maculatus [26] ) and in totally regressed testis of trout (Oncorhynchus mykis [30] ) submitted in vitro to 17b-estradiol. The occurrence of cell division during a restricted period of the year strongly suggests that environmental factors probably modulate the mitotic activity of Leydig cells. In mammals, an increase in temperature (from 33 to 378C) during coculture of Sertoli cells and immature Leydig cells resulted in improved proliferation of steroidogenic cells and in reduced production of testosterone and luteinizing hormone (LH) receptor expression [31] . Thus, although there is little information about temperature effects on Leydig cell proliferation, the available data suggest that this important environmental factor may regulate the proliferation and function of Leydig cells in mammals and, at least, the proliferation of these cells in teleosts.
The positive and significant correlation found in the present study for the proliferation indexes of Sertoli cells and Leydig cells suggests a functional interaction between these two cell types. The mitotic activity of Sertoli cells and Leydig cells has also demonstrated a positive and significant correlation in pigs [2] and in transiently hypothyroidic animals (mice and tilapias), in which an increase in Sertoli cells was accompanied by an increase in Leydig cells [3, 32, 33] . Together with the data found in the literature, our results allow us to speculate that a similar factor might be able to induce the mitotic activity of these two key somatic cells. Corroborating this assumption, 17b-estradiol stimulated the proliferative activity of Sertoli cells and Leydig cells [30, 34] , and follicle-stimulating hormone (FSH) and LH were able to interact with LH receptor and FSH receptors found in both Sertoli cells and Leydig cells in fish [22, [35] [36] [37] [38] [39] [40] . Alternatively, as occurs in SCARKO (Sertoli cell-selective knockout of the androgen receptor) mice [41] , Leydig cell proliferation could be regulated by Sertoli cells, probably through paracrine factors. This second hypothesis is supported by findings in coculture of Sertoli cells and immature Leydig cells in which a proteic factor produced by Sertoli cells resulted in an increase in Leydig cells [42] . Furthermore, in coculture of Sertoli cells and Leydig cells, temperature elevation increased both the secretion of a 
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Although dividing peritubular myoid cells were identified in tilapias kept at all temperatures investigated, their proliferation pattern was apparently not altered by temperature. During the annual reproductive cycle, ultrastructural changes in peritubular myoid cells were not found in the fish species Padagobios martensi [43] . The higher plasticity of this cell type in relation to its capacity to stretch in the tubular wall may influence its mitotic behavior [22] and prevent identification of a proliferation pattern.
Compared with testis somatic cells, the temperature effects on germ cell proliferation were subtle, suggesting that (in contrast to Sertoli cells and Leydig cells) the evaluation period was probably insufficient for the investigation of these testicular elements. Considering primarily volume density and cyst frequencies, there was a clear trend toward greater proliferation of intermediate type B spermatogonia at 208C. However, based on the proliferation index, an opposite trend was found for these cells, suggesting that the cell cycle may have been extended for mitotic activity, resulting in an accumulation of intermediate type B spermatogonia that otherwise would be more sensitive to the effects of lower temperatures. Type A spermatogonia seem to preferentially proliferate at lower temperatures, following a pattern clearly established for Sertoli cells and Leydig cells.
Similar to results of studies [1, 4, 6, 7, 22, 26] involving other fish species, in the present investigation we observed an asynchronous proliferation between Sertoli cells and type A spermatogonia and a trend toward synchronous proliferation between Sertoli cells and type B spermatogonia at all temperatures investigated. However, no clear effect of the various temperatures was noticed. Overall, these data suggest that Sertoli cell proliferation may precede spermatogonia division in a conserved manner in fish, resulting in an adequate number of somatic cells to support cyst growth during spermatogenesis.
Although demonstrating high species-specific variation according to spermatogenic phase [6, 7, 22, 26, [44] [45] [46] [47] , germ cell apoptosis is normally observed in fish. In tilapias investigated in the present work, the percentage of germ cell apoptosis, particularly for spermatocytes, was increased in fish kept at 208C, which is probably an inappropriate temperature for the reproduction of this fish species. However, likely because of pronounced individual variation mainly in spermatids, higher temperatures did not affect germ cell apoptosis in our study.
Sertoli cells are responsible for fluid secretion toward the tubule lumen, and in mammals it is well established that this important Sertoli cell function is regulated primarily by androgens [48, 49] . Because temperature significantly increased the percentage of lumen in tilapias kept at 358C, we speculate that this temperature effect might be mediated by androgens.
The only temperature effect observed in the intertubular compartment was a trend toward more immune cells in tilapias kept at 208C. Because some studies [6, 50] indicate that immune cells may regulate spermatogonia mitosis, the differences in percentage and proliferation indexes found for spermatogonia in tilapias kept at 208C may be related to the presence of immune cells in the testis.
The evaluation and manipulation of environmental factors on reproduction might provide valuable information for aquaculture and species management [51] in natural conditions, as well as for the development of experimental models [52] [53] [54] [55] . Although we cannot exclude the effect of other factors, the data obtained in the present study showed that animals kept at different temperatures during a short period demonstrated alterations in testis structure and function, allowing us to propose the following model for the effects of temperature on tilapia spermatogenesis (Fig. 7) . There is a balance between spermatogonial self-renewal and differentiation in tilapias kept at physiological temperature (;258C); however, a low temperature (208C) induced type A spermatogonia selfrenewal, more advanced germ cell apoptosis, and Sertoli cell and Leydig cell proliferation, whereas higher temperatures (30 and 358C) triggered germ cell differentiation, resulting in faster and larger sperm production. In our proposed model, temperature effects may be mediated by hormones such as androgens and Müllerian-inhibiting substance (MIS). We speculate that MIS would be increased at low temperatures because this factor prevents the initiation and progression of spermatogenesis [53] , while 11-ketotestosterone would be increased at higher temperatures, leading to the completion of spermatogenesis [52] .
Finally, if the temperature effects observed in tilapia kept at 208C remained for a longer period, there could be at least three interesting applications of these animals in the study of fish spermatogenesis. First, they would be excellent donors of germ cells for spermatogonial transplantation because of increased spermatogonial self-renewal and apoptosis of more advanced germ cells. Second, tilapias kept at low temperature would be an interesting model for studies involving factors that control fish spermatogenesis because of the apparently higher proportion of type A spermatogonia in the testis of these animals. In this case, hormones or paracrine factors could be tested in vitro, and their ability to induce spermatogonial selfrenewal or differentiation could be analyzed in tilapia testis culture. Third, these animals could be used as an experimental model to investigate factors that regulate somatic cell proliferation, particularly Sertoli cells and Leydig cells.
